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Implication of Geranylgeranyltransferase I
in Synapse Formation
believed to be a factor released from the terminals of
motor neurons to induce AChR clustering (Gautam et
al., 1996; Godfrey et al., 1984). Although Agrin is known
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tering (Weston et al., 2000, 2003). Downstream of the
small GTPases may be p21-activated kinase (PAK), a
cytoplasmic kinase involved in cytoskeleton regulationSummary
(Luo et al., 2002). PAK is activated by Agrin in a manner
dependent on Cdc42 or Rac1 and is required for Agrin/Agrin activates the transmembrane tyrosine kinase
MuSK-mediated AChR clustering (Luo et al., 2002).MuSK to mediate acetylcholine receptor (AChR) clus-
These observations point out a signaling pathway in-tering at the neuromuscular junction (NMJ). However,
volving Rho GTPases and PAK in regulating AChR clus-the intracellular signaling mechanism downstream of
tering. An important but unsolved question is the identityMuSK is poorly characterized. This study provides evi-
of the mechanism immediately downstream of MuSKdence that geranylgeranyltransferase I (GGT) is an
that is essential to activate GTPases and/or triggerimportant signaling component in the Agrin/MuSK
AChR clustering.pathway. Agrin causes a rapid increase in tyrosine
In the present study, we identify geranylgeranyltrans-phosphorylation of the G/F subunit of GGT and in GGT
ferase I (GGT) as a novel signaling component in theactivity. Inhibition of GGT activity or expression pre-
Agrin/MuSK pathway. GGT is a zinc metalloenzyme thatvents muscle cells from forming AChR clusters in
tethers proteins to plasma membrane by prenylationresponse to Agrin and attenuates the formation of
(Zhang and Casey, 1996). Our studies indicate that GGTneuromuscular synapses in spinal neuron-muscle co-
becomes rapidly tyrosine phosphorylated with an in-cultures. Importantly, transgenic mice expressing an
crease in activity after Agrin stimulation. We demon-G/F mutant demonstrate NMJ defects with wider end-
strate that inhibition of GGT function or expression at-plate bands and smaller AChR plaques. These results
tenuates Agrin-induced activation of Rho GTPases,support the notion that prenylation is necessary for
AChR clustering, and formation of the neuromuscularAChR clustering and the NMJ formation and/or main-
synapses in vitro. The role of GGT in vivo has beentenance, revealing an active role of GGT in Agrin/
characterized using transgenic mice expressing a domi-MuSK signaling.
nant-negative mutant specifically in the skeletal muscle.
These studies reveal an important role of prenylation inIntroduction
regulating synapse formation and/or maintenance.
Highly efficient communication between neurons re-
quires the enrichment of synaptic proteins at synapses. Results
A critical step during synapse formation is the clustering
of neurotransmitter receptors at the postsynaptic mem- Interaction of G/F with MuSK
We identified G/F, a subunit of GGT and farnesyltransfer-branes. The neuromuscular junction (NMJ) is an ideal
model system to study receptor clustering (Hall and ase (FT), as a MuSK-interacting protein using the entire
intracellular region of MuSK (MuSKic) as bait. The origi-Sanes, 1993; Sanes and Lichtman, 2001). The postsyn-
aptic membrane of the NMJ is packed with the acetyl- nal clone encoded mouse G/F with a deletion of the
N-terminal seven amino acids. The interaction of MuSKcholine receptor (AChR) at a concentration of 10,000
receptors per square micron (Froehner, 1993). Agrin is with G/F was specific, since the latter did not interact
with ErbB4, a structurally different receptor tyrosine ki-
nase (Figure 1A). GGT and FT are heterodimers of a*Correspondence: lmei@nrc.uab.edu
shared  subunit (G/F) and distinct  subunits (G and4 Present address: Institute of Neuroscience, Chinese Academy of
Sciences, Shanghai, 200031, China. F) (Ashby, 1998; Zhang and Casey, 1996). As shown in
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Figure 1. MuSK Interaction with G/F
(A) MuSK interaction with G/F but not G or F. Y190 yeast cells were cotransformed with pGBT9-MuSKic and G/F, G, or F in pACT2 or
pGAD424 or with pGBT9-ErbB4ic and pACT2-G/F. Transformed yeast cells were seeded in LeuTrpHis plates and scored for -Gal activity:
() no blue after 8 hr, () blue after 2 hr, () blue within 1 hr.
(B) G/F interaction with MuSK deletion mutants. The indicated constructs were cotransformed with pACT2-G/F or PICK1. Interaction was
determined as in (A).
(C) Direct interaction between MuSK and G/F. [35S]-labeled MuSK and Myc-G/F were incubated in the binding buffer. The G/F-bound MuSK
was revealed by autoradiogram.
(D) Interaction between endogenous MuSK and G/F in muscle cells. C2C12 myotube lysates (500 g of protein) were incubated with rabbit
anti-MuSK antibody, anti-ErbB4 antibody, normal rabbit serum (NRS), or no serum (No Ab) and subsequently with protein A-agarose beads.
Resulting immunocomplexes were subjected to immunoblotting with mouse anti-G/F antibody. Input, 5% of lysates.
(E) Quantification of the interaction between MuSK and G/F in muscle cells. Immunoprecipitation was performed as in (D) with indicated
antibodies. The amount of immunoprecipitated proteins was quantified by the respective standard curves (% of lysate inputs). NS, normal
serum as control.
(F) No effect of Agrin on MuSK-G/F interaction in C2C12 muscle cells. C2C12 myotubes were stimulated with Agrin for the indicated times.
Immunoprecipitation was performed as in (D). Tyrosine phosphorylation of MuSK was also examined by immunoprecipitation with anti-
phosphotyrosine (p-tyr) antibody followed by blotting with anti-MuSK antibody.
(G) Colocalization of G/F with the AChR in skeletal muscles. Adult rat diaphragm sections were incubated with an anti-G/F antibody (top panel)
or the antibody that had been preincubated with the blocking peptide (bottom panel). Immunoreactivity was visualized by a FITC-conjugated
secondary antibody. R-BTX was added to label the AChR.
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Figure 1A, neither G nor F interacted with MuSK. To (Figure 2C). Like G/F tyrosine phosphorylation, GGT ac-
tivity failed to increase in MuSK/ muscle cells stimu-map which region in MuSK was essential for interaction,
we generated a battery of MuSK mutants, each with lated by Agrin (Figure 2D). While FT activity in C2C12
myotubes was also increased by Agrin treatment (Figuredeletion of 30 amino acids in the intracellular domain. All
deletion mutants interacted with PICK1, a PDZ domain 2E), it was not involved in Agrin-induced AChR clustering
(see below).protein known to interact with the MuSK C terminus (Xia
et al., 1999; Zhou et al., 1999), suggesting that they are
expressed in yeast. Deletion of the C terminus (13 amino Critical Role of GGT in Agrin-Induced
acids) had no effect on MuSK binding to G/F, suggesting AChR Clustering
that this region was not required for interaction. Deletion GGTI286 is a CAAX-mimetic peptide that specifically
of the middle 30 amino acids in the juxtamembrane inhibits geranylgeranylation (with an IC50 value of 2 M)
including Y556, a tyrosine implicated in Agrin signaling (Lerner et al., 1995). GGTI286 could also attenuate farne-
(Herbst and Burden, 2000; Zhou et al., 1999), had no sylation, albeit at much higher concentrations (IC50 of
apparent effect on binding to G/F (Figure 1B). In contrast, 30 M). Using GGTI286, we investigated whether GGT
deletion of any 30 amino acids in the kinase domain activity is required for Agrin-induced AChR clusters,
or in the region linking the juxtamembrane and kinase which were assayed as described in (Luo et al., 2002).
domains abolished the binding activity, with the excep- Pretreatment with GGTI286 prevented Agrin from induc-
tion of one deletion mutant, 739-768. In an in vitro ing AChR clusters (Figure 2F). The inhibitory effect was
interaction assay, [35S]-labeled recombinant MuSK dose dependant with IC50 of 1.5 M, a concentration
coimmunoprecipitated with Myc-G/F (Figure 1C). Taken comparable to specific GGT inhibition (Lerner et al.,
together, these results suggest that the kinase domain 1995). Moreover, GGTI286 at 5 M had no apparent
of MuSK is important for interaction with G/F. effect on the amount of AChR on the muscle surface
We next determined whether MuSK and G/F could (Figure 2G). Thus, GGTI286 selectively impaired Agrin-
interact in vivo. Immunoprecipitation of MuSK resulted induced AChR clustering rather than surface expression
in coprecipitation of G/F. However, G/F was undetect- of the AChR. Treatment of muscle cells with FTI277, an
able when the anti-MuSK antibody was omitted or in FT inhibitor, did not appear to alter Agrin-induced AChR
precipitates by normal rabbit serum or anti-ErbB4 anti- clustering, except at 5 M, a concentration 50-fold
body. Quantitatively, 2% of G/F associated with 10% higher than IC50 for specific FT inhibition (Lerner et al.,
of precipitated MuSK, thus20% of G/F in C2C12 myo- 1995). These results suggest that FT, albeit activated
tubes interacts with MuSK (Figure 1E). In reciprocal ex- by Agrin, may not be required for AChR clustering.
periments, MuSK coprecipitated with G/F, and the As a complementary approach, we suppressed ex-
amount of MuSK that interacts with G/F is estimated to pression of endogenous GGT by using a DNA-based
be 30%. The interaction, however, did not appear to be siRNA strategy (Sui et al., 2002). To selectively inhibit
regulated by Agrin (Figure 1F). At the subcellular level, GGT but not FT expression, we constructed BS/U6/G,
G/F displayed a strikingly similar pattern of expression a DNA plasmid that directs expression of duplex siRNAs
relative to the AChR labeled by rhodamine-conjugated for G, a distinct subunit of GGT (see Experimental Pro-
-bungarotoxin (R-BTX) (Figure 1G). The G/F staining in cedures). The effect of BS/U6/G on the expression of
the muscle was specific in that it was diminished by G was studied in C2C12 myoblasts that were cotrans-
preabsorbing the antibody with a blocking peptide, the fected with HA-taggedG. There was no apparent abnor-
immunogen used to generate the antibody (Figure 1G). mality in differentiation of myoblasts transfected with
These results suggest that G/F is enriched at the NMJ. BS/U6/G or the empty vector BS/U6. As shown in Figure
2H, there was a decrease in HA-G in cells expressing
BS/U6/G. The inhibitory effect was specific becauseAgrin Increases Tyrosine Phosphorylation
BS/U6/G had no effect on expression of a nonspecificand Activity of GGT
protein or cotransfected GFP, MuSK, Rapsyn, or JNKTo test whether MuSK activation leads to G/F tyrosine
(Figure 2H). Remarkably, Agrin-induced AChR clusteringphosphorylation, G/F was purified from Agrin-stimulated
was inhibited by 67% in myotubes transfected with BS/C2C12 myotubes by immunoprecipitation and examined
U6/G (GFP positive) (Figure 2I). These results, togetherfor tyrosine phosphorylation. G/F became tyrosine phos-
with those using GGTI286, show that GGT activity isphorylated in a time-dependent manner, which peaked
required for Agrin-induced AChR clustering.around 10 min and maintained for 60 min (Figure 2A).
The increase in tyrosine phosphorylation of G/F was not
observed in MuSK/ muscle cells (Figure 2B), sug- Inhibition of Rho GTPase Activation
by Inhibiting GGTgesting its dependence on MuSK kinase activity. The
time course of G/F phosphorylation appeared to lag be- Since the increase in AChR clusters by Agrin becomes
significant hours after Agrin stimulation, the requirementhind that of MuSK, suggesting that it is a downstream
event (Figures 2A and 3D). We next investigated whether of GGT demonstrated by experiments using GGTI286
and G siRNA may not necessarily indicate that GGTAgrin regulates GGT activity in muscle cells. In response
to Agrin, GGT activity in C2C12 myotubes increased is a signaling molecule. To address this question, we
determined whether brief inhibition of GGT attenuateswithin 5 min and peaked at 30 min (Figure 2C). The
increase by Agrin was similar to that by insulin, which Agrin/MuSK signaling using Rac1 activation as readout.
Agrin activation of Rac1 and Cdc42 is required for AChRis known to induce G/F phosphorylation and increase
GGT activity (Chappell et al., 2000), and was blocked by clustering (Weston et al., 2000). Such activation is ab-
sent in MuSK/ muscle cells, which could be restoredGGTI286, a cell-permeable inhibitor of GGT (see below)
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Figure 2. Agrin Regulation of G/F Tyrosine Phosphorylation and Activity
(A) Agrin-induced tyrosine phosphorylation of G/F in muscle cells. Lysates of Agrin-stimulated C2C12 myotubes were incubated with rabbit
anti-G/F or anti-MuSK antibodies, and the resulting immunocomplexes were subjected to blotting with anti-phosphotyrosine antibody. Lysates
(1/20 of input for IP) were blotted to reveal equal protein levels of MuSK and G/F.
(B) Requirement of MuSK for Agrin-induced tyrosine phosphorylation of G/F. MuSK/ and MuSK/ myotubes were stimulated with Agrin.
G/F tyrosine phosphorylation was analyzed as in (A).
(C) Enhanced GGT activity in Agrin-stimulated muscle cells. C2C12 myotubes, pretreated with GGTI286 or vehicle, were stimulated with Agrin
or insulin and assayed for GGT activity. Data shown were means  SEM of three independent experiments, each of which was performed
in triplicate.
(D) Dependence of Agrin-increased GGT activity on MuSK. MuSK/ and MuSK/ myotubes were stimulated with Agrin and assayed for GGT
activity as in (C).
(E) Effect of Agrin on FT activity. C2C12 myotubes, pretreated with FTI277 (5 M) or vehicle, were treated with Agrin or insulin for 15 min. FT
activity was assayed as described in Experimental Procedures.
(F) Inhibition of Agrin-induced AChR clustering by GGTI286. C2C12 myotubes were treated with or without GGTI286 or FTI277 or vehicle
(DMSO) prior to Agrin stimulation. Myotubes were fixed and stained with R-BTX. n  15, **p 	 0.01, ANOVA followed by post hoc tests.
(G) Effects of GGTI286 (5 M) on surface AChR expression. Surface AChR in C2C12 myotubes were labeled with sulfo-NHS-LC-biotin, purified
by streptavidin beads, and revealed by immunoblotting with anti- subunit antibody.
(H) Inhibition of G expression by G-siRNA. C2C12 myoblasts were cotransfected with pBS/U6/G or pBS/U6/F (as control) and HA-tagged
G, Flag-MuSK, HA-Rapsyn, HA-JNK, or pEGFP. Thirty-six hours after transfection, cells were lysed for immunoblotting with indicated antibodies.
NS, nonspecific protein.
(I) Agrin-induced AChR clusters were decreased in C2C12 myotubes expressing pBS/U6/G. C2C12 myoblasts were cotransfected with pEGFP
and pBS/U6/G or pBS/U6 empty vector (as control) (1:20 plasmid DNA). Transfected myotubes were scored for AChR clusters labeled by
R-BTX. Quantitative analyses of AChR clusters are shown in the histogram. pBS/U6/G, n  19; pBS/U6, n  17, **p 	 0.01, t test.
by transfection with wild-type MuSK (Figures 3A and port (Weston et al., 2003) (Figure 3C). Treatment of myo-
tubes with GGTI286 prevented Agrin-induced activation3B), suggesting that it is dependent on MuSK. In C2C12
myotubes, Rac1 activation by Agrin peaked at 10 min of Rac1 (as well as Cdc42, data not shown) and PAK1
(Figures 3E and 3F). The dependence of Agrin-inducedand declined thereafter, in agreement with a recent re-
Prenylation and Synapse Formation
707
Figure 3. Regulation of Rho GTPases by GGT in Response to Agrin
(A) Dependence of Agrin-induced Rac1 activation on MuSK. MuSK/ and MuSK/ muscle cells were treated with or without Agrin for 15
min. Cell lysates were subjected to pulldown by GST-PBD immobilized on beads. Bound Rac1 was revealed by immunoblotting (IB) with anti-
Rac1 antibody. Lysates (1/20 of input) were also probed with Rac1 antibody to indicate equal amount of Rac1. GST-PBD was revealed by
immunoblotting with anti-GST antibody.
(B) Restoration of Rac1 activation in MuSK/ muscle cells. Mutant myoblasts were cotransfected with Flag-MuSK and Myc-Rac1, and resulting
myotubes were treated with Agrin for 15 min. Transfected MuSK and Rac1 were revealed by blotting with anti-Flag and anti-Myc antibodies,
respectively. Active Rac1 was purified as in (A) followed by immunoblotting with anti-Myc antibody.
(C) Time-dependent Rac1 activation by Agrin.
(D) Time courses of Agrin activation of MuSK phosphorylation, GGT phosphorylation, GGT activity, and Rac1 activity. Data shown were
means  SEM of three or more independent experiments. SEM values were omitted for the clarity of the panel, which were smaller than 20%
of corresponding data points.
(E) Inhibition of Rac1 activation by GGTI286. C2C12 myotubes were treated with GGTI286 (5 M) or vehicle prior to stimulation with Agrin for
15 min. Active Rac1 was assayed as in (A). Quantitative analysis of GGTI286 inhibition is shown in the histogram. n  3; *p 	 0.05, t test.
(F) Inhibition of PAK activation by GGTI286 but not FTI277. C2C12 myotubes were treated with GGTI286 (5 M), FTI277 (5 M), or vehicle
(DMSO, as control) prior to stimulation with Agrin. PAK1 was assayed as previously described (Luo et al., 2002). Radiolabeled MBP was
revealed by autoradiogram. MBP and PAK were revealed by Coommasie staining and immunoblotting with anti-PAK antibody, respectively.
Quantitative analysis is shown in the histogram. n  3; *p 	 0.05, t test.
(G) Blockade of Agrin-induced Rac1 activation by brief treatment with GGTI286. C2C12 myotubes were pretreated by GGTI286 (5 M) for the
indicated times and then stimulated with Agrin for 15 min. Active Rac1 was determined as in (A).
(H) Inhibition of Agrin-induced Rac1 activation by G-siRNA. C2C12 myoblasts were transfected with Myc-Rac1 with pBS/U6/G or pBS/U6.
Myotubes were stimulated with Agrin for 15 min. Active Rac1 was purified as in (A) and revealed by immunoblotting by anti-Myc antibody.
Transfected Rac1 and GST-PBD were revealed by immunoblotting with anti-Myc antibody and anti-GST antibody (bottom panel), respectively.
Quantitative analysis is shown in the histogram. n  3; **p 	 0.01 in comparison with control.
(I) Rac1 membrane dissociation by G-siRNA. Myoblasts were cotransfected with Myc-Rac1 and pBS/U6 or pBS/U6/G. After Agrin stimulation,
myotubes were homogenized and fractioned as described in Experimental Procedures. Homogenates (Total), S100, and P100 fractions were
subjected to immunoblotting with the indicated antibodies.
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Rac1 activation on GGT was further demonstrated in GGT Regulates AChR Cluster Formation
muscle cells expressing siRNA G. Expression of BS/U6/ in Nerve-Muscle Cocultures
G prevented cotransfected Rac from being activated To determine whether GGT controls AChR clustering at
by Agrin and abolished Rac1 membrane association the NMJ, we manipulated the activity of GGT at Xenopus
(Figures 3H and 3I). These results demonstrate a role of neuromuscular synapses by using embryo injection
GGT in Agrin-induced activation of Rho GTPases. In techniques (Luo et al., 2002). Wild-type G/F or K164A
contrast, FTI277, which inhibited FT (Figure 2E), did not mRNA was injected with GFP mRNA into one of the
appear to affect PAK1 activity (Figure 3F). These results blastomeres at the two-cell stage. Nerve-muscle cocul-
suggest that activation of Rac1 and the subsequent tures were prepared from neural tubes and associated
activation of PAK1 require prenylation by GGT but myotomal tissues derived from injected embryos (stage
not FT. 20) and grown for 1 day. Triplets containing a motoneu-
Unlike AChR clustering, Agrin-induced Rac1 activa- ron innervating one GFP-positive (M) and one GFP-
tion occurs within minutes, providing a testable indicator negative (M) myocyte were analyzed for AChR clusters
to study the effect of brief GGT inhibition. We determined (Figures 5A and 5B). The clusters at synapses express-
the time needed for GGTI286 to block Agrin-induced ing K164A (M) were reduced in both number and size
Rac1 activation in C2C12 myotubes. Rac activation was as compared to control (M) synapses formed by the
completely inhibited in myotubes pretreated with same neurons (Figure 5B). We used the AChR cluster
GGTI286 for as short as 30 min (Figure 3G), suggesting index to quantify the changes in AChR clustering (see
that newly activated GGT was essential for Rac activa- Experimental Procedures). Postsynaptic expression of
tion. In light of the protein stability of Rho GTPases K164A (n  10) but not the wild-type (n  9) resulted in
(T1/2 15–31 hr for RhoA and Cdc42 and 
4 hr for Rac1) a 64% reduction in the index (Figure 5C). Moreover,
(Backlund, 1997; Doye et al., 2002), these results argue expression of K164A in postsynaptic cells reduced the
against the idea that GGTI286 acts by perturbing the amplitude of spontaneous synaptic currents (SSCs) by
metabolism of Rho GTPases. Thus, GGT is not merely 72% (Figures 5D and 5E), further indicating that fewer
a house-keeping enzyme, rather it may act as a signal- AChRs are present in the postsynaptic site. In contrast,
ing molecule. the frequency of SSCs remained unchanged in K164A-
expressing synapses (Figure 5E), suggesting that GGT
Specific Inhibition of Agrin/MuSK Signaling inhibition in postsynaptic cells did not affect presynaptic
by G/F K164A transmitter release. No change was observed in the rise
Structure-activity analyses have identified lysine164 or decay time of SSCs, suggesting that the distance
(K164) and tyrosine 200 (Y200) in G/F as important for between pre- and postsynaptic membranes or the open-
catalysis and for the formation of the enzyme-substrate ing kinetic of AChR channels was not altered (Figure
complex. Mutation at either residue inhibits the prenyla- 5E). As a comparison, expression of the wild-type GGT
tion activity (Hightower et al., 2001; Wu et al., 1999). We did not affect any parameters of SSCs (Figure 5E). Thus,
tested whether G/F mutants (K164A or Y200F) inhibit perturbation of prenylation in postsynaptic muscle cells
GGT activation. Insulin stimulates the phosphorylation specifically inhibited AChR clustering in the postsynap-
of GGT and increases the activity of GGT, Rac1, and tic membrane and decreased the amplitude of SSCs.
PAK1 in muscle cells (Figures 2C and 4A) (Tsakiridis et
al., 1996). Expression of G/F K164A or Y200F inhibits Alteration of Postjunctional Differentiationinsulin-induced Rac activation (Figure 4B), suggesting
in K164A Transgenic Micethat K164A and Y200F may interfere with GGT signaling
To further investigate the role of prenylation in postsyn-activated by insulin, probably in a dominant-negative
aptic differentiation, we sought to explore the outcomemanner. Interestingly, Y200F binding to MuSK was only
of inhibiting GGT function in vivo. The K164A mutant32% of the wild-type, whereas K164A bound to MuSK
was overexpressed in mice under the control of theas well as the wild-type (Figure 4C). We reasoned that
human -skeletal actin (HSA) promoter (Figure 6A). Thisthese mutants with different binding affinity to MuSK
promoter contains bases 2139 to 239 of the HSA 5may have a distinct inhibitory effect on Agrin/MuSK sig-
flanking region, which drives muscle-specific expres-naling. To test this hypothesis, Myc-K164A or Y200F
sion (Brennan and Hardeman, 1993; Crawford et al.,was transfected in C2C12 myoblasts, and the resulting
2000). Two lines of transgenic mice were identified bymyotubes were analyzed for Agrin-induced AChR clus-
possessing the 0.5 kb PCR fragment (Figure 6B). West-ters. In comparison with myotubes expressing Myc-G/F,
ern blot using anti-Myc antibody confirmed that Myc-which had little effect on induced AChR clusters, K164A
K164A was expressed specifically in skeletal musclesattenuated the formation of AChR clusters in a concen-
but not lung, liver, brain, or spinal cord in transgenictration-dependent manner (Figure 4D). Although Y200F
mice (Figure 6C). The expression in the muscle in-also inhibited AChR clustering, it was less potent than
creased during development: from undetectable at E14K164A. However, the two mutants inhibited insulin-
to a high level after birth (Figure 6D). The transgeneinduced Rac1 activation with a similar potency (Figure
expression at E17 was low but evident after a long expo-4B). The correlation between the interaction with MuSK
sure of the film (data not shown). Such an expressionand potency in inhibiting AChR clustering of these two
pattern agreed with the reported promoter activitymutants were in line with the notion that GGT may play
(Brennan and Hardeman, 1993). In addition, the K164Aa signaling role in Agrin/MuSK function. In agreement
transgene incorporation had no apparent effect on thewith experiments with GGTI286 and siRNA, expression
expression of endogenous G/F, MuSK, AChR, Rac1, orof K164A inhibited Agrin-induced activation of Rac1
(Figure 4E). -actin (Figure 6E). However, Rac1 activation by Agrin
Prenylation and Synapse Formation
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Figure 4. Specific Inhibition of Agrin-Induced AChR Clustering by K164A
(A) Insulin-induced Rac1 activation in muscle cells. C2C12 myotubes were stimulated with insulin (100 nM) for the indicated times. Rac1
activation was assayed as in Figure 3A.
(B) Inhibition of insulin-induced Rac1 activation by G/F mutants. C2C12 myoblasts were transfected with Myc-Rac1 with or without Myc-
K164A, Y200F, or G/F. Myotubes were stimulated with insulin for 10 min. Active Rac1 was assayed as in Figure 3A.
(C) Differential interaction of G/F mutants with MuSK. Y190 yeast cells were cotransformed with pGBT9-MuSKic and G/F, K164A, or Y200F
mutants in pACT2. Liquid -Gal assay was performed to quantitatively analyze the interaction. The -Gal activity of G/F-MuSK transformants
was set as 100%.
(D) Specific inhibition of Agrin-induced AChR clusters by K164A. C2C12 myoblasts (30 mm dish) were transfected with different amounts (0.2,
0.4, or 0.8 g plasmid DNA) of G/F, Myc-K164A, or Y200F. Myc-positive myotubes were scored for Agrin-induced AChR clusters. Images on
the left were from myotubes transfected with 0.2 g DNA. Histograms show quantitative analyses from three independent experiments.
Control, nontransfected.
(E) Agrin-induced Rac1 activation was impaired in muscle cells expressing K164A. C2C12 myoblasts were transfected with Myc-Rac1 without
or with K164A or Myc-G/F. Myotubes were stimulated with Agrin for 15 min. Active Rac1 was isolated by GST-PBD as in Figure 3A and
revealed by immunoblotting by anti-Myc antibody. Transfected G/F and Rac1, which migrated at different molecular weights, were revealed
by immunoblotting anti-Myc antibody. Right: densitometric analyses of active Rac1. n  3; **p 	 0.01, ANOVA followed by t test.
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Figure 5. Inhibition of GGT Attenuates AChR Clustering and Synaptic Transmission in Xenopus Spinal Neuron-Muscle Cocultures
(A) Nomarski and fluorescence images showing a triplet: a motoneuron (N) innervating two myocytes, one of which expresses K164A (M),
whereas the other does not (M).
(B) R-BTX-labeled AChR clusters of the same field as in (A).
(C) Effects of G/F (wt) or K164A on AChR clusters at the NMJ triplets. *p 	 0.05, paired t test.
(D) Representative SSCs (downward deflections of varying amplitudes) of a triplet. M, control; M, K164A.
(E) Effects of postsynaptic expression of G/F (M, wt) or K164A (M) on SSC properties. The numbers of synapses recorded were n  12
(control) and n  7 (wt); control (n  11) and K164A (n  9). *p 	 0.001, t test.
was impaired in muscle cells isolated from mutant mice (10%) were not accompanied by AChR clusters in K164A
mice (Figure 7I). These results along with those from(Figure 6F).
To investigate the effect of K164A on AChR clustering, in vitro studies support the notion that prenylation is
necessary for the Agrin/MuSK signaling and the NMJwe stained diaphragms from mutant embryos with
R-BTX to label the AChR and antibodies against synap- formation or maintenance.
tophysin, a synaptic vesicle protein, and neurofilament.
At E14.5, AChR clusters were detectable, which were Discussion
distributed near the intramuscular nerve to form a nar-
row “endplate” band (Figure 7A) (Lin et al., 2001; Yang The major findings of this study include the following.
First, Agrin stimulation of MuSK causes a rapid increaseet al., 2001). A large number of AChR clusters were
aneural (i.e., not apposed by nerve terminals) as ob- in tyrosine phosphorylation of G/F and in GGT activity
in muscle cells. Second, pharmacological inhibition ofserved previously (Lin et al., 2001). However, no differ-
ence was observed between the wild-type and trans- GGT or inhibition of G expression by siRNA prevents
muscle cells from forming AChR clusters in responsegenic mice in the width of the endplate bands and the
length and area of AChR clusters (Figures 7A and 7B). to Agrin stimulation, suggesting that GGT is necessary
for induced AChR clustering. Third, K164A, a mutantThese results were not unexpected since little K164A
was detected in E14.5 muscle (Figure 6D). In P0 K164A impaired in GGT activity that is still able to interact with
MuSK, inhibits specifically Agrin-induced activation oftransgenic mice, however, the endplate band width was
wider, and AChR clusters were smaller (Figures 7C–7E). Rho GTPases and AChR clusters and attenuates the
formation of neuromuscular synapses in spinal neuron-AChR cluster defects were not limited to the diaphragm.
In P30 sternomastoid muscles, AChR clusters form per- muscle cocultures. Last, transgenic mice expressing
K164A demonstrate neuromuscular defects. These re-forated “pretzel-like” plaques in muscles (Marques et al.,
2000) (Figure 7F). However, AChR plaques decreased in sults reveal an important role of GGT in AChR clustering
and the NMJ formation and/or maintenance.complexity with smaller perforations and bifurcations in
K164A mutant mice (Figure 7G). As in diaphragms, AChR
plaques in mutant sternomastoid muscles were signifi- Prenylation and Synapse Formation
Association of cytoplasmic signaling molecules withcantly smaller in both size and area than wild-type lit-
termates (Figure 7H). Moreover, some nerve branches plasma membranes is an important mechanism in medi-
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Figure 6. Generation of K164A Transgenic Mice
(A) Schematic structures of the G/F gene and the transgene. The G/F gene has nine exons, and K164 locates in the fifth exon. Myc-K164A
was inserted into the NotI site of pBSX-HSAvpA. The upstream primer covers the initial ATG, and the downstream primer covers K164A. The
size of PCR products is 8.9 kb for the wild-type and 516 bp for the mutant.
(B) Identification of a transgenic founder mouse. From nine pups, #2 and #9 contain the transgene. The AChR  subunit genomic DNA was
used as control.
(C) Specific expression of K164A in the skeletal muscle of transgenic mice. Tissues were isolated from K164A DNA transgenic mice (P30),
homogenized, and analyzed for K164A protein expression using anti-Myc antibody.
(D) Time-dependent expression of K164A in transgenic mice. Skeletal muscles were isolated from transgenic or wild-type littermate mice at
the indicated times. Expression of K164A was analyzed as in (C). Top two panels, immunoblots with antibodies against Myc or actin. Bottom
panel, detection of the transgene by PCR.
(E) Normal expression of MuSK, AChR, G/F, Rac1, or -actin in skeletal muscles of transgenic mice. Muscle homogenates of wild-type
littermates and transgenic mice were immunoblotted with antibodies against indicated proteins.
(F) Agrin-induced Rac1 activation was impaired in muscle cells isolated from K164A mutant mice. Myotubes of wild-type or K164A mutant
mice were stimulated with Agrin for 15 min. Active Rac1 was isolated by GST-PBD as in Figure 3A and revealed by immunoblotting by anti-
Rac1 antibody. Endogenous Rac1 and Myc-K164A were revealed by immunoblotting with antibodies against Rac1 and Myc, respectively.
ating or regulating cellular signaling. This can be achieved (el-Husseini Ael and Bredt, 2002; Hancock, 1995; Zhang
and Casey, 1996). Prenylation is catalyzed by three pre-by covalently coupling a lipid moiety to a substrate pro-
tein as in palmitoylation, myristolation, or prenylation nyltransferases, FT, GGT I (GGT of interest in this paper),
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Figure 7. Postsynaptic Defects at the NMJ in K164A Transgenic Mice
(A) Aneural AChR clusters in the wild-type and K164A mutant mice. Diaphragm muscles from E14.5 embryos were whole-mount immunostained
with anti-synaptophysin and neurofilament and with R-BTX. Arrows indicated aneural AChR clusters. Control, wild-type littermates.
(B) Quantitative analyses of endplate band width and the length and area of AChR clusters in (A).
(C) Endplate regions in diaphragm muscles from P0 wild-type littermates (Control) and K164A transgenic mice. Diaphragms were whole-mount
stained with R-BTX.
(D) Width of endplate bands in diaphragms in P0 control and transgenic mice. The width was quantitated by measuring the myotube length
contained in the polygon that connects the most peripheral AChR clusters (Misgeld et al., 2002). Data shown are mean  SEM; K164A, n 
15; control, n  12. **p 	 0.01, Student’s t test.
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and GGT II. Substrate proteins of FT and GGT contain a 4D), probably due to better interaction with MuSK and
thus specifically preventing endogenous G/F from inter-C-terminal “CAAX” box, where C is an invariant cysteine
residue fourth from the C terminus, A is an aliphatic acting with MuSK at a given concentration. Such speci-
ficity provides additional evidence for a central role ofamino acid, and X is any amino acid (Sinensky, 2000;
Zhang and Casey, 1996). Substrate proteins undergo MuSK in GGT activation and agrees with the hypothesis
that GGT plays a signaling role in Agrin/MuSK function.geranylgeranylation if X is Leu or farnesylation if X is
Ser, Met, Ala, or Gln. GGT and FT consist of the shared The HSA promoter is inactive prior to E15 and is not
maximally activated until postnatal stages (Cifuentes- subunit (G/F) and distinct  subunits, G for GGT and
F for FT, with only 30% identity in amino acid sequence Diaz et al., 2001; Fazeli et al., 1996). In agreement, ex-
pression of K164A in the muscle was undetectable at(Ashby, 1998; Zhang and Casey, 1996). GGT II has dis-
tinct  and  subunits and appears to be specific for E14.5, and there was a dramatic increase in K164A ex-
pression in postnatal muscle (Figure 6). Considering theRab GTPases that terminate in Cys-Cys or Cys-X-Cys
motifs (Farnsworth et al., 1994; Seabra et al., 1992). K164A expression after the NMJ formation (E12.5–E18
in mice) (Lin et al., 2001), the defects in AChR clustersPrenylation was believed to be a constitutive modifica-
tion of proteins (Sinensky, 2000). However, recent stud- in K164A mutant mice suggest that GGT is also neces-
sary for the maintenance of AChR clusters, although theies suggest that prenylation of small GTPases of the
Rho and Ras family is under tight regulation. For exam- AChR half-life is 8–10 days at the NMJ (Salpeter and
Loring, 1985). Results from our in vitro studies favor theple, insulin causes a rapid increase in GGT activity in
breast cancer cells, leading to elevated levels of gera- hypothesis that the disrupted AChR clustering reflects
a postsynaptic role for GGT in Agrin/MuSK signaling. Innylgeranlyated RhoA (Chappell et al., 2000). In addition,
the FT activity in 3T3-L1 adipocytes increased in re- agreement with this are the correlation between the late
onset of AChR cluster defects in K164A transgenic micesponse to insulin accompanied by enhanced levels in
farnesyl-p21ras (Goalstone and Draznin, 1996). These and the transgene temporal expression and the obser-
vation that little K164A is detected in the spinal cord.results suggest that GGT and FT may function as signal-
ing molecules in the insulin pathway. Based on these results, however, one cannot rule out
the possibility that GGT is required for presynaptic dif-This study provides evidence that geranylgeranylation
is a signaling mechanism in the Agrin/MuSK pathway. ferentiation or function or for prenylation of postsynaptic
proteins in other signaling cascades that may contributeAgrin stimulation leads to a rapid increase in tyrosine
phosphorylation of G/F and in GGT activity (Figures 2A to the observed phenotypes.
The substrate proteins for prenylation by the Agrin/and 2C). The time courses are similar to those of MuSK
activation. Importantly, both events are dependent on MuSK pathway remain to be identified. Our study sug-
gests that one group of substrates is GTPases of theMuSK since they do not occur in Agrin-stimulated
MuSK/ muscle cells. Moreover, pharmacological inhi- Rho family. As intrinsically soluble proteins, they need
to be translocated from the cytosol to the membranebition of GGT or suppression of G expression by siRNA
blocks or attenuates AChR cluster formation, indicating for activation (Hancock et al., 1989; Jackson et al., 1990;
Philips et al., 1993). This is achieved by geranylgeranyla-the necessity of GGT in AChR clustering (Figures 2F and
2I). If geranylgeranylation truly plays a role in mediating tion, a GGT-catalyzed reaction in which cholesterol bio-
synthesis intermediates geranylgeranylpyrophosphateAgrin/MuSK signaling, rapid inhibition of GGT should be
able to alter the signaling. Indeed, a 30 min treatment (GGPP). We demonstrate that Rac1 remains in the cyto-
plasm and fails to be activated by Agrin when GGTwith GGTI286 prevents Rac from being activated by
Agrin (Figure 3G). This inhibitory effect does not appear function or expression is impaired. These results sug-
gest that Rho GTPase activity is regulated by GGT uponto result from inhibition of Rac metabolism since Rho
GTPases are relatively stable proteins (Backlund, 1997; Agrin stimulation. It is possible that Agrin/MuSK regula-
tion of Rho GTPases may also involve GEF and GAPDoye et al., 2002). These results are corroborated by
the rapid increase in G/F tyrosine phosphorylation and proteins. This study provides, to our knowledge, the
first demonstration of the importance of prenylation inactivity in response to Agrin, suggesting a signaling role
of GGT in the Agrin/MuSK pathway. This notion is further synaptic function. Identification of other GGT substrates
in the Agrin/MuSK pathway and the role of prenylationsupported by studies of G/F mutants (K164A and Y200F)
with impaired GGT activity. While both inhibit insulin- in regulating Rho GTPases in other aspects of neural
development are subject to future investigation.induced Rac activation in muscle cells with equal po-
tency, they have different affinities for MuSK. K164A,
like the wild-type, interacts with MuSK with an affinity MuSK and GGT G/F Tyrosine Phosphorylation
Agrin-induced tyrosine phosphorylation appears to playhigher than Y200F. K164A inhibits Agrin-induced AChR
clustering at a lower concentration than Y200F (Figure an important role in AChR clustering (Glass et al., 1997;
(E) Comparison of the size and area of AChR clusters in diaphragms between control and K164A mutant mice (P0). Data shown are mean 
SEM; K164A, n  96; control, n  62. *p 	 0.05; **p 	 0.01, Student’s t test.
(F) AChR plaques in sternomastoid muscles from P30 wild-type littermates.
(G) AChR plaques in sternomastoid muscles from P30 K164A mutant mice were smaller and less complex.
(H) Comparison of AChR plaques in sternomastoid muscles between control and K164A mutant mice (P30). Data shown are mean  SEM.
Control, n  30; K164A, n  35; **p 	 0.01; *p 	 0.05; Student’s t test.
(I) In K164A mutants, some axons (10%) terminate on unspecialized areas of muscle. No
AChR clusters form.
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Rac1, GST-PBD, Flag-MuSK, pGBT9-ErbB4, pGBT9-MuSKic, andHerbst and Burden, 2000; Zhou et al., 1999). In response
HA-JNK were described previously (Luo et al., 2002).to Agrin, MuSK becomes activated, resulting in tyrosine
phosphorylation of itself as well as many downstream
Cell Culture, Transfection, Immunoprecipitation,targets (Glass et al., 1996; Herbst and Burden, 2000).
and Immunoblotting
Inhibition of tyrosine phosphorylation blocks AChR clus- C2C12 muscle cells were cultured as described previously (Si et al.,
tering and causes the dispersal of preexisting clusters 1996). MuSK/ and MuSK/ cells (gift of Dr. David Glass, Rege-
neron, NJ) were cultured as described previously (Glass et al., 1996).(Ferns et al., 1996; Wallace, 1994). The specific targets
Primary mouse muscle cell cultures were prepared from P0 mice asof MuSK-mediated tyrosine phosphorylation important
described previously with minor modifications (Huang et al., 2001).for AChR clustering remain to be identified. The present
Myoblasts were transfected using FuGENE6 Transfection Reagentstudy identifies the GGT G/F subunit as a protein regu- from Roche (Indianapolis, IN). Twenty-four hours later, transfectants
lated by MuSK-induced tyrosine phosphorylation. In were switched to the differentiation medium to induce the formation
MuSK/ cells, Agrin can no longer increase GGT tyro- of myotubes. Immunoprecipitation and immunoblotting were per-
formed as described (Ma et al., 2003). Quantitative analyses of im-sine phosphorylation or activity. Although tyrosine-
munoblots were done using NIH image. Unless otherwise indicated,phosphorylation ofG/F requires MuSK, the identity of the
all experiments were repeated at least three times, and representa-kinase that directly phosphorylates G/F remains unclear.
tive blots were shown.GGT may be phosphorylated by MuSK or a MuSK-asso-
ciated kinase such as Src or a related kinase that is In Vitro Direct Interaction
known to be activated by Agrin (Mittaud et al., 2001). MuSK and Myc-G/F were generated and labeled by [35S] by in vitro
Nevertheless, our study supports a working model in translation with pMT-MuSK and pCS2Myc-G/F as templates, re-
spectively, using the T7/SP6 Coupled Reticulocyte Lysate Systemwhich GGT directly participates in Agrin/MuSK-medi-
(Promega, Madison, WI). [35S]-labeled MuSK and Myc-G/F wereated AChR clustering by activating downstream Rho
mixed in the binding buffer (25 mM HEPES [pH 7.5], 10% glycerol,GTPases, establishing an important link between the
1 mM DTT, 0.5% Triton X-100, 150 mM NaCl, and protease inhibitors)
activation of the receptor tyrosine kinase and membrane on a rotator for 4 hr at 4C. G/F was immunoprecipitated with anti-
translocation of Rho GTPases. Several proteins have Myc antibody (1 g/ml) immobilized on beads. Bound MuSK was
been identified that interact with MuSK, including Di- visualized by autoradiogram.
shevelled, PICK1, MG-1, and Syne-1, none of which
Assays of Enzyme Activitycontain intrinsic known catalytic activity (Apel et al.,
GGT and FT activities were determined as previously described with2000; Luo et al., 2002; Strochlic et al., 2001; Xia et al.,
modification (Chappell et al., 2000). After stimulation with or without1999). At present, GGT is the only protein with catalytic
Agrin (10 nM) or insulin (100 nM), cells were lysed. In some experi-
activity that has been identified to interact with the re- ments, cells were pretreated with 5 M GGTI286, FTI277, or vehicle
ceptor tyrosine kinase. Interacting with GGT, MuSK may (as control) overnight. Cell lysates (5 g of protein) were added to
mediate or regulate local activation of Rho GTPases 45 l of the reaction buffer containing 50 mM Tris-Cl [pH 7.7], 5 mM
MgCl2, 20 M ZnCl2, 20 mM KCl, 5 mM DTT, 100 nM substraterequired for the formation or maintenance of AChR
protein (Ras-CVLL or H-Ras for GGT or FT, respectively), and 100clusters.
nM [3H]GGPP or [3H]FPP (22 Ci/mmol, PerkinElmer Life Sciences)The finding that MuSK interacts directly with G/F and for GGT or FT, respectively. After 30 min incubation at 37C, the
regulates its activity by tyrosine phosphorylation may reaction was stopped by the addition of 1 ml of 1 N HCl in ethanol.
have broad implications. For example, Eph receptor ty- The precipitated protein mixture was loaded on GF/C glass-fiber
rosine kinases play a central role in the establishment filters (Whatman, Cambridge, UK), which were washed for five times
each with 1 ml of 1 N HCl in ethanol. The filters were dried andof topographic maps in the vertebrate visual system
counted in a liquid scintillation counter. Active Rac1 and Cdc42(Schmucker and Zipursky, 2001). One intracellular
were assayed as described (Ren et al., 2001).mechanism downstream of Ephs is regulation of Rho
GTPases (Schmucker and Zipursky, 2001; Shamah et
Labeling of Surface AChR
al., 2001). It is intriguingly speculative that GGT may be To label surface AChR, C2C12 myotube cells were washed with
involved in regulating the signaling of these kinases. cold PBS containing 1 mM MgCl2 and 0.1 mM CaCl2 and incubated
with sulfo-NHS-LC-biotin in the same buffer at room temperature
for 30 min. The labeling reaction was quenched by incubation withExperimental Procedures
0.1 M glycine for 10 min at room temperature. Cells were harvested
in the modified RIPA buffer containing protease inhibitors. LysatesReagents, Antibodies, and Constructs
were incubated with streptavidin agarose beads overnight at 4CGGTI286, FTI277, Ras-CVLL, and H-Ras were from Calbiochem.
to isolate biotinylated proteins, which were subjected to immu-[3H]GGPP and [3H]FPP were from PerkinElmer Life Sciences. Insulin
noblotting with anti- subunit antibody.was from Sigma. G/F antibodies were from Santa Cruz (SC-136)
(rabbit polyclonal) and BD Transduction Laboratories (mouse mono-
clonal). Rabbit anti-MuSK antibody was generated using GST-fusion siRNA Constructs and Transfection
To generate BS/U6/G plasmid, a 21 nt oligo (oligo 1) correspondingprotein containing aa 517–569 of mouse MuSK. Other antibodies
were from Santa Cruz (rabbit anti-PAK1 and mouse anti-Myc), to nt 169–189 of G coding region (Zhang et al., 1994) was first
inserted into ApaI/HindIII-digested BS/U6 (Sui et al., 2002). The in-Chemicon (mouse anti-actin, mouse anti-synaptophysin, rabbit anti-
neurofilament), and Upstate Biotechnology (mouse anti-phospho- verted motif that contains the 6 nt spacer and five Ts (oligo 2)
was then subcloned into the EcoRI/HindIII sites of the intermediatetyrosine 4G10 and mouse anti-Rac1). Anti-AChR antibodies ( and
 subunits) were gifts from Dr. Richard Huganir. plasmid to generate BS/U6/G. The sequence of oligo 1 is 5-GGCTG
GATAT GTTGG ACTCC A-3 (forward) and 5-AGCTT GGAGTG/F cDNA was subcloned into the EcoRI site of pCS2 in-frame
after the Myc epitope. PICK1, G, and F in pGAD424 were subcloned CCAAC ATATC CAGCC-3 (reverse). Oligo 2 is 5-AGCTT GGAGT
CCAAC ATATC CAGCC CTTTT TG-3 (forward) and 5-AATTCin the EcoRI site. G and F were subcloned in the EcoRI site of
pKH3 in-frame with three HA epitopes at the N terminus. Rapsyn AAAAA GGGCT GGATA TGTTG GACTC CA-3 (reverse). For BS/U6/
F, oligo 1 corresponding to nt 167-187 of F coding region (Andreswas subcloned in EcoRI and BamHI sites in pKH3. K164A and MuSK
deletion mutants were constructed by Quickchange Site-Directed et al., 1993), was 5-GGATC CTGCA CAGCT TGGAA CA-3(forward)
and 5-AGCTT GTTCC AAGCT GTGCA GGATC C-3 (reverse). OligoMutagenesis Kit following the manufacturer’s instructions. Myc-
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2 was 5-AGCTT GTTCC AAGCT GTGCA GGATC CCTTT TTG-3(for- in Vectashield (Vecta Laboratories, Inc.). In some experiments, mus-
cles were preincubated with primary antibodies against neurofila-ward) and 5-AATTC AAAAA GGGAT CCTGC ACAGC TTGGA ACA-
3 (reverse). Sequences of G and F were selected and analyzed ment and synaptophysin in the blocking buffer overnight at 4C.
After washing in 0.5% Triton X-100/PBS for 1 hr  6, muscles wereby BLAST to ensure that they were specific for each gene. C2C12
myoblasts were transfected using FuGENE6 (Roche, Indianap- incubated overnight at 4C with FITC-conjugated goat anti-rabbit
and mouse IgG (Sigma) and R-BTX. Images were collected with aolis, IN).
Leica confocal microscope using a 10 objective or a 40 objective.
Z serial images were collected and collapsed into a single imageXenopus Spinal Neuron-Muscle Cocultures
by Leica Confocal software. The area and length (the longest axis)Xenopus spinal neuron-muscle coculture was prepared as de-
of each AChR cluster or plaque were determined with IPlab software.scribed (Luo et al., 2002). To label AChR clusters, the culture (1-day-
old) was incubated with R-BTX for 30 min, rinsed, and lightly fixed
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